Previously, we described the age-dependent accumulation of mitochondrial DNA (mtDNA) mutations, leading to a high degree of mtDNA heterogeneity among normal marrow and blood Many poly-C tract length differences and specific point mutations seen in these same donors but assayed two years earlier were still present in the new CD34 + samples. Additionally, specific poly-C tract differences and point mutations were frequently shared among cells of the lymphoid and myeloid lineage. Secular stability and lineage sharing of mtDNA sequence variability suggest that mutations arise in the lymphohematopoietic stem cell compartment and that these changes may be utilized as a natural genetic marker to estimate the number of active stem cells.
Introduction
Mitochondria play many important roles in cellular homeostasis, including the production of adenosine triphosphate (ATP) by the process of oxidative phosphorylation (the respiratory chain), metabolism of amino acids, fatty acids, cholesterol, steroids, heme and nucleotides, and the release of death-promoting factors including cytochrome C leading to apoptosis. The generation of cellular energy in the form of ATP is probably the most crucial function of mitochondria. 1, 2 Hundreds of mitochondria are present within each cell's cytoplasm, and 2 to 10 copies of mitochondrial DNA (mtDNA) are packaged in each mitochondrion. Human mtDNA is a doublestranded circular molecule containing 16,569 base pairs (bp) encoding for 37 genes: the 12S and 16S ribosomal RNA genes, the 22 transfer RNA genes required for mitochondrial protein synthesis, and 13 polypeptide genes that generate subunits of the respiratory chain. 3 However, the majority of mitochondrial respiratory chain polypeptides are coded by nuclear DNA (nDNA).
Mitochondrial DNA is distinguished from nDNA by several characteristics, including the properties of heteroplasmy, maternal inheritance, relaxed replication, and mitotic segregation. 2 In addition, mtDNA has a modified genetic code, 4 a paucity of introns and lacks histone protection. 5 Oxidative phosphorylation for ATP generation is believed to be the main source of the reactive oxygen species (ROS) (such as superoxide anions, hydrogen peroxide and hydroxyl radicals) produced in mitochondria. Chronic ROS exposure induces oxidative damage to mitochondrial and cellular macromolecules, including DNA, proteins and lipids. 6 The 10-to 20-fold higher mutation rate in mtDNA compared to nDNA is believed due to its proximity to sites of ROS generation, lack of histones and limited DNA repair capacity, 6 although recent data have shown excision repair mechanisms operate for mammalian mtDNA. 7, 8 Hundreds of mtDNA mutations (deletions, insertions and base-substitutions) have been identified in many degenerative diseases; other mutations that impact mitochondrial function
For personal use only. on October 23, 2017. by guest www.bloodjournal.org From have been associated with nuclear genes. Thus, mitochondrial dysfunction can stem from a mitochondrial maternal inheritance pattern, a nuclear Mendelian inheritance pattern, or a combination of the two. 9 A large deletion of mtDNA is a hallmark of Pearson's syndrome, a congenital disorder, one manifestation of which is sideroblastic anemia. 10 Somatically acquired mtDNA mutations also have been linked to aging, degenerative diseases, cancer and autoimmunity. 9 MtDNA mutations were reported in apparently acquired sideroblastic anemia and in myelodysplastic syndromes in general, 11 although our laboratory was not able to confirm these results. 12 Somatic mtDNA mutations are attributed mainly to mitochondrial oxidative damage, which increases with age. 6 In the aging process, individual postmitotic cells initially acquire a single mutant mtDNA among an overwhelming majority of wild-type species (heteroplasmy) and probably different mutant mtDNA clonally expand to homoplasmy in parallel in individual cells through relaxed replication, leading to mitochondrial dysfunction. 13, 14 In mitotic tissues, such as bone marrow, intracellular random genetic drift is probably caused by relaxed replication and mitotic segregation. 13 Computer modeling has suggested that random processes are sufficient to explain the incidence of mtDNA mutations in dividing cells. 15 Moreover, single cell analysis of mtDNA in proliferating epithelial tissue showed high proportions of age-associated homoplasmic mutant cells. 16, 17 We have described age-dependent accumulation of mtDNA mutations, leading to a high degree of mtDNA sequence heterogeneity in normal marrow and blood CD34 + cells, but not in umbilical cord blood. 18 The accumulation of mtDNA mutations over time and the clonal expansion of cells with somatic mtDNA mutations appear to be relatively common in marrow progenitor cells and possibly even in marrow stem cells. 19 In our previous studies, CD34 + individual cells were cloned during a brief in vitro culture period following which their mtDNAs were sequenced. 18, 19 Single cell analysis, the examination of individual cells without culture,
ensures that even limited growth in vitro does not introduce mutations; furthermore, some mature blood cells are either cumbersome to cultivate (T and B cells) or will not undergo mitosis 50 mmol/L KCl, 100 µg/mL Proteinase K, 1% Triton X-100).
DNA extraction from single CD34 + cells, lymphocytes and granulocytes
Single cells in the lysis buffer were incubated at 56°C for 30 minutes in order to liberate total DNA, and then proteinase K was inactivated by incubation at 96°C for 5 minutes in the 96-well reaction plate. The lysates were briefly centrifuged and stored at -20°C.
PCR amplification of the mtDNA control region
Cell lysates of single cells were subjected to amplification of their mtDNA using the LA PCR 21 to determine polymorphisms and mutations.
Confirmation of mtDNA nucleotide changes
MtDNA mutations in all donors were confirmed by reanalysis of the first PCR product. For cells showing a sequence difference from the donor's corresponding aggregate mtDNA sequence, two or more independent PCR reamplifications were performed, followed by sequencing.
Amplification and sequencing from the original single cell lysates were not feasible for granulocytes, due to both poor recovery of DNA and the appearance of apparently new base substitutions (see Discussion).
TA cloning
To confirm heteroplasmy and mixed nucleotide signals in the mtDNA control region due to the existence of deletion, PCR products were separated by agarose gel electrophoresis and extracted from the gels using QIAquick gel extraction kit (Qiagen). The purified PCR products were inserted into the pCR2.1-TOPO® vector and transformed into competent E. coli (TOP10 cells) using the TOPO TA cloning kit (Invitrogen, Carlsbad, CA). Recombinant plasmids were isolated from 10 to 20 white colonies and sequenced.
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Statistical analysis
The one-way ANOVA (analysis of variance) test was performed to examine whether the mtDNA heterogeneity (total frequency, unique differences, base substitutions and length alterations of the polymeric C tracts) observed in single CD34 + cells, lymphocytes and granulocytes from the five normal donors constituted significant statistical differences; P < 0.05.
Results
Aggregate genotype of the mtDNA control region Table 2) . Although there was variation of PCR efficiency among the various donors, the PCR efficiency of granulocytes was lower than for other cell types (Table 2) . By using cell lysis buffer for DNA extraction rather than heating, the PCR amplification efficiency of granulocytes in this study (79.4%) was greatly improved compared with the 7.5% found previously. (Tables 3-4 ). The frequent patterns of mtDNA heterogeneity (major subpopulations of mutant mtDNA) in each donor were detected as two or three nucleotide changes in addition to the polymorphisms in the respective aggregate mtDNA. All four cell types had the same frequent differences in most cases ( Figure 1 ; Table 3 ). Furthermore, while for this work the donors' blood was sampled two years after their marrow had been assayed for our previous studies, the same minor mtDNA species which we reported before were still present in all individuals ( Figure 2 ; Table 3 ). in the present study is more efficient in extracting DNA from single cells than was the heating procedure used previously (Table 2 ).
In other experiments to develop a heteroplasmic Standard Reference Material (see SRM 2394
at www.nist.gov/srm), 285 bp amplicons were generated by gene amplification of mtDNA with and without a single base substitution and then mixed in varying proportions. 25 According to the sequencing data of the mixtures, the minor species of mtDNA could be detected when it was present at approximately 20%. Therefore, mixed nucleotide signals on sequencing electropherograms, when reproduced by mtDNA reamplification from the original single cell lysate, were assumed to represent at least 20% heteroplasmy. When nucleotide changes occur, they appear first as a single copy among a majority of the aggregate mtDNA sequence. To observe the low-frequency mtDNA mutations in more detail, a sensitive detection method for the minor population of mtDNA mutants is necessary. Single cell analysis may be preferable to our previously described method, which was based on a short period of cloning the individual cells in tissue culture, as the total rate of mtDNA heterogeneity in circulating CD34 + cells in the present study (37.9%) was higher than for CD34 + cell clones (25%). 19 We hypothesize that this apparent increase in sensitivity is due to our ability to sample minor mtDNA species present among the heteroplasmic population of mtDNA present in a single cell. In other words, minor species of mutated mtDNA, even if present in most cells in a population but at levels less than 20%, would not be reliably detected by conventional sequencing; however, such a population in theory would be identified in approximately one fifth of the cells by sampling if each cell's mtDNA were examined. Consistent with this premise was the difficulty we experienced in reliably amplifying mtDNA from granulocytes using the single cell lysate as a source of DNA. For one donor, we repeatedly amplified the DNA from the original CD34 + cell lysates and then compared the mtDNA sequence among triplicates. Ten-15% of the second and third amplicons differed from the original sequence, indicating that some DNA differences which originally appeared to be distinct from the donor's corresponding aggregate sequences were not always detected in all three sets of replicate amplicons. However, as we did not detect any new nucleotide substitutions in the replicates (only aggregate sequence was observed), the most parsimonious interpretation of these results is that heteroplasmy (multiple mtDNA species) was present in the original cell lysate. For granulocytes, we were not able to consistently recover sufficient DNA from the starting sample (~80% success compared to ~100% for CD34 + cells) to detect the same nucleotide substitutions repeatedly, and when DNA was reamplified from the original sample, >40% of triplicates differed from the original sequence and about 10% showed apparently new nucleotide substitutions (data not shown). We doubt that these differences are artifactual for several reasons.
LA taq DNA polymerase has proofreading activity and its fidelity (error rate) is about 1-2×10 Mutations in mtDNA are believed to result from secondary physiologic exposure to reactive oxygen species in the mitochondrion. 6 The results of the granulocyte analysis--a higher proportion of cells containing mutations and apparently greater heteroplasmic diversity of multiple minor species in single cells--suggest that mutations may arise during late myeloid differentiation, probably as a result of their greater exposure to the reactive oxygen species in the mitochondria. 27 Striking direct evidence for this hypothesis has come from recent experiments utilizing transgenic mice that over-expressed the anti-oxidant enzyme catalase localized to mitochondria: mtDNA deletions were decreased, peroxide production was attenuated, age-related pathology was reduced, and animal survival was improved. 28 On the assumption that mtDNA heterogeneity reflects environmental mutagen exposure, our single cell methodology allows us to test this hypothesis in tissue culture of primary cells and cell lines exposed to mutagens and toxic oxygen molecules. It could also serve as a 31 offering an explanation for the development over time of homoplasmy for this nucleotide alteration in vivo. In white blood cells, T414G changes were not detected but a different mutation, C150T, was more prevalent as a homoplasmic change among centenarians.
28
In these experiments, bulk cultures of fibroblasts or samples of white blood cells were analyzed, followed by denaturant gel gradient electrophoresis, gene amplification, and either bacterial cloning followed by sequencing or direct sequencing to detect mutations.
In our current study of single cells, most of the frequent patterns of mtDNA heterogeneity (the major subpopulations of mutant mtDNA with base substitutions or poly-C tract length alterations)
in CD34 + cells appeared in diverse lineages, including T-cells, B-cells and granulocytes ( Figure   1 ; Table 3 ). In the work from the California Institute of Technology described above, the transversion also was detected in both separated lymphomonocytes and in granulocytes from the same donors. 32 Our approach allows a variety of inferences of potential biological importance related specifically to hematopoiesis and to aging in general. Except for granulocytes, we did not observe a higher frequency of mtDNA heterogeneity or new mutations in differentiated cells.
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Most likely, mutations arose in primitive stem cells and the then labeled stem cell's progeny after clonal expansion (alternatively, it is possible that the major subpopulation of mutant mtDNA might represent maternally inherited mtDNA, requiring years after birth to segregate among progeny cells). 17 These results and conclusions are consistent with the continuous replication of mtDNA independent of the cell cycle and therefore the correlation of accumulation of mtDNA genetic differences with time rather than the proliferative status of a cell compartment. Moreover, while our healthy donors' blood was sampled two years after their marrow had been first tested, 34 such as polycythemia vera 35 indicate that a single stem cell can support hematopoiesis for many years: our data would suggest the capacity and stability of individual normal stem cell clones to similarly contribute to hematopoiesis.
MtDNA in blood cells might be utilizable as a natural genetic 'marker' of hematopoietic progenitors and stem cells to estimate the number of active stem cells in the steady-state, as has been performed using glucose-6-phosphate dehydrogenase isotypes for the cat, 36 and also to predict both the appearance and extinction of individual hematopoietic stem cell clones over time.
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